Comparison of the effect of boron and nitrogen incorporation on the nucleation behavior and electron-fieldemission properties of chemical-vapor-deposited diamond films Appl. Phys. Lett. 77, 1277 (2000) We demonstrate the enhancement of diamond nucleation through the use of the equilibrium forces at the solid-liquid-gas interface on a substrate wetted with droplets of an oil of low vapor pressure. Such a process is shown to produce well-faceted grains with densities of roughly 10 7 nuclei cm Ϫ2 ͑boundary͒, 10 5 nuclei cm Ϫ2 ͑oil-coated area͒, and 10 4 nuclei cm Ϫ2 ͑uncoated area͒ without the need for scratching or seeding the substrate. Diamond deposition was undertaken on silicon using ethanol and hydrogen in the feed of a hot-filament chemical vapor deposition reactor. The oil-covered regions, in addition to showing higher nucleation densities, have the merit that the intergrain spaces are covered with diamond structures, while the parts uncovered with oil exhibit intergrain spaces covered with diamond-like carbon.
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I. INTRODUCTION
Chemical vapor deposition ͑CVD͒ of diamond has received intense attention from the research community in recent decades because of potential applications of diamond in optical coatings, radiation detectors, semiconductor devices, etc.
1,2 Diamond growth on nondiamond substrates initially requires a heterogeneous nucleation step on the substrate surface and, depending on the substrate material, the nucleation time may be very long and the nuclei density may also be very low, compromising the film quality.
Seeding of substrates, typically using diamond grains, prior to CVD increases nucleation of the growing film. The grains and the scratches provoked by them on the substrate surface act as nucleation centers. Many studies of this type of seeding have recently been undertaken. Tang and Ingram,   3 for example, investigated the dispersion of diamond grains in water by ultrasound, examining the effect of the duration of the ultrasonic excitation and of subsequent cleaning with water. The nucleation density observed using microwave plasma CVD varied in the range 10 6 -10 9 nuclei cm Ϫ2 . The effects of the dispersion medium on subsequent seeding were investigated by de Barros et al., 4 who demonstrated that n-hexane and n-pentane are excellent choices for this purpose. Alternative methods of application of diamond seeding grains have also been developed, for example using laser ablation 5 or cathodic electrophoretic deposition. 6 Strong interest in seeding with diamond grains continues, and other solid particles, such as metals, may also be used. 7 In this work we study the feasibility of using a liquid of low vapor pressure to increase nucleation. Such a process is shown to produce a high nucleation density without the need for scratching or seeding the substrate. Specifically, an oil is used to provide sites of minimum surface energy at the gasliquid-substrate interface for diamond nucleation. Diamond deposition on oil-covered silicon substrates was undertaken using ethanol and hydrogen in the feed of a hot-filament CVD reactor. The resulting nuclei and films were monitored using Raman spectroscopy and characterized by optical, scanning electron microscope ͑SEM͒ and atomic force microscope ͑AFM͒ analysis.
II. EXPERIMENTAL DETAILS
Diamond deposition was carried out on ͑100͒ silicon substrates using a hot-filament CVD system described fully elsewhere. 8 A mixture of ethyl alcohol ͑C 2 H 5 OH͒ vapor diluted in hydrogen gas ͑99.5 vol %͒ at a total flow rate of 110 sccm was used. The total pressure in the CVD reaction chamber was kept at 27 mbar. Prior to deposition, vacuumpump oil ͑Dow Corning, 710-C͒ was added to the substrate surface using either a dropper, for single droplets, or a sprayer, for multiple small droplets. A deposition temperature of 990 K, obtained from previous optimization studies to produce high quality diamond, was employed. Deposition times of 2 and 4 h were used to obtain different diamond coverage of the substrate.
Surface morphology was examined by scanning electron microscopy and atomic force microscopy using a JSM-5900 LV SEM and a Nanoscope II AFM, respectively. Raman spectroscopy was carried out using a Renishaw microprobe system equipped with a microscope whose focal spot diameter was about 2 m. An Ar ϩ laser ͑6 mW͒ was used for excitation at ϭ514.5 nm. Ten measurements with an integration time of 5 s each were taken.
III. RESULTS AND DISCUSSION
A. Nuclei density and morphology
Figures 1͑a͒ and 1͑b͒ show images of the diamond nucleation on oil-coated substrates, obtained by optical microscopy. The deposition time was 2 h for both samples. The upper part of Fig. 1͑a͒ corresponds to the oil-coated area of the substrate and the lower part to the oil-uncoated surface. The boundary line between these two regions is very clear. Fringes of brownish color, almost perpendicular to this boundary and of around 4 m spacing are also seen, predominantly on the oil-uncoated surface. One can observe that the diamond nuclei density is highest at the boundary and is higher in the oil-coated area than in the oil-uncoated area. Intense nucleation in some large round ''islands'' on the oiluncoated surface may also be observed. The density of these circles in the oil-uncovered area decreases with the distance from the oil-covered surface, which suggests that they are oil drops spilled during the substrate treatment. Figure 1͑b͒ also allows comparison between the oilcoated surface ͑right upper corner͒ and the oil-uncoated surface ͑left lower corner͒. The fringes observed in Fig. 1͑a͒ are absent. We can also observe that the nucleation density is highest at the boundary and that it is higher on the oil-coated surface than on the uncoated surface.
Typical SEM images of the samples after 4 h of total nucleation time confirmed the increase in the nucleation density at the boundary and inside the oil-coated area ͓see Fig. 2͑a͔͒. An order of magnitude calculation indicates grain densities of roughly 10 7 nuclei cm Ϫ2 ͑boundary͒, 10 5 nuclei cm Ϫ2 ͑oil-coated area͒, and 10 4 nuclei cm Ϫ2 ͑uncoated area͒. As can be observed from the magnified image of the boundary region ͓see Fig. 2͑b͔͒ the nuclei are well-faceted, with shapes related to the ͗110͘ orientation, and grain size about 7 m.
B. Forces acting on a solid-liquid-gas interface
When an oil droplet is placed on a plane surface it typically spreads to form a dome. The minimum in the potential energy of the system determines the final form of the dome, which is obtained when there is an equilibrium between the forces of surface tension and gravity. In small drops the surface tension forces are much greater than those due to gravity and thus the drops have the shape of a spherical segment of angle , which is a measure of the surface's wettability ͓see Fig. 3͑a͔͒ . For large drops, far from the solid-liquid-gas boundary, the oil takes the form of a horizontal film coating ͓see Fig. 3͑b͔͒ . This effect occurs because the surface tension force increases with the square of the linear dimensions of the drop but the mass of the drop increases with the cube. At the liquid-solid-gas boundary equilibrium is reached when the sum of all forces acting is zero. The angle can be determined from the relation cos()ϭ(␣ gas Ϫ␣ liq )/␣ where FIG. 1. ͑Color͒. Optical micrographs showing the nucleation process on oil-coated and oil-uncoated areas. ͑a͒ Diamond nuclei density is higher in the oil-coated area ͑left upper corner͒ and at the boundary line. Ripple fringes and round islands of deposited nuclei are also observed. ͑b͒ A thinner oil coating ͑upper right corner͒ also enhances the nucleation process. The density of large diamond nuclei is higher at the boundary.
FIG. 2. ͑a͒ SEM image showing the nucleation density in the oil-coated
͑upper corner right͒ and oil-uncoated areas. ͑b͒ Higher magnification shows that the diamond nuclei are well-faceted and that those along the boundary line are completely coalesced.
␣ gas , ␣ liq , and ␣ are the coefficients of surface tension between gas and solid, between liquid and solid, and between liquid and gas, respectively.
Since the silicon surface is poorly wettable with oil, the value of is always higher than /2. The presence of this contact angle at the boundary produces an acute external angle between the liquid and the substrate surface, providing a site of minimum energy, which is favorable for diamond nucleation and for the trapping of diamond nuclei that are moving over the substrate surface. The enhancement of diamond nucleation along this interface may explain the ripple waves observed on the substrate surface ͓see Fig. 1͑a͔͒ .
At the beginning of the CVD process several nanoscale clusters of carbon joined by sp 3 bonds may be deposited onto the silicon surface. Such clusters have sufficient kinetic energy to undergo a Brownian-like movement on the silicon surface until they are trapped or lost. On a flat substrate surface the solid-liquid-gas boundary is an important trap and may prevent the loss of diamond nuclei from the substrate. This mechanism may explain the high density of diamond observed at this boundary, as illustrated in Figs. 1͑a͒, 1͑b͒, 2͑a͒, and 2͑b͒.
The fringes ͓observed in Fig. 1͑a͔͒ may be explained as the ripple waves provoked by the reactant gas as it flows over the oil film. This flow may also act as a secondary mechanism to carry the nanoscale diamond nuclei, spontaneously formed from the gas phase during the deposition, toward the traps or out of the surface. Comparing Figs. 1͑a͒ and 1͑b͒ one can conclude that, probably, the oil-coating thickness was thinner in the sample shown in Fig. 1͑b͒ and this explains the absence of fringes in this sample. The brownish color in the fringes suggests the presence of a rough deposited material such as porous silicon or amorphous carbon.
C. Atomic force microscopy
Details of the surface features between the large nuclei grains where revealed by atomic force microscopy ͑AFM͒. Figure 4͑a͒ shows a typical AFM image taken on the oiluncoated area after 4 h of total nucleation time. For comparison, an AFM image taken on the oil-coated area is shown in Fig. 4͑b͒ . The hole that appears in this image corresponds to the position that was occupied by a diamond grain, deliberately removed to allow the AFM analysis to be made also at the interface between the diamond and the silicon surface. Figure 4͑c͒ shows a large magnification AFM image of the silicon surface inside the hole.
Comparing the morphologies revealed by the AFM images, one can see that the oil-uncoated area ͓Fig. 4͑b͔͒ has a dense and uniform number of nanoscale nuclei with a gaussian height distribution histogram centered around 57 nm and in contrast, in the oil-uncoated area ͓Fig. 4͑a͔͒ the nuclei are more sparsely distributed but the roughness is higher, producing a nongaussian height distribution histogram centered at 127 nm. We can conclude that the film structure between the large diamond nuclei grains is quite different in the oilcoated and in the oil-uncoated area. Finally, inside the dia -FIG. 3 . ͑a͒ An oil drop of small volume placed on the Si results in a spherical dome of contact angle due to the equilibrium of surface forces and gravity. Since the oil poorly wets the Si surface, is always obtuse. ͑b͒ Large volumes of oil result in a horizontal film ͑due to the gravity͒ but also with a boundary with an obtuse contact angle. The line of the gas-liquidsolid interface has a minimum of surface energy and acts as a favorable site for diamond nucleation .   FIG. 4 . AFM images on the intergrain areas and at the surface below the nuclei. Three-dimensional morphology of the intergrain film deposited on an oil-uncoated area ͑a͒ and on an oil-coated area ͑b͒. The hole in the image presented in ͑b͒ was occupied by a large diamond nuclei that was intentionally removed to analyze the substrate morphology beneath the grain ͓shown in ͑c͔͒.
mond nuclei hole ͓Fig. 4͑c͔͒ one can see that the surface has a low roughness, with a peak-to-peak maximum height of around 30 nm. This roughness is comparable with the roughness of the substrate prior to the deposition.
D. Raman analysis
Typical Raman spectra of the samples are shown in Figs. 5͑a͒-5͑c͒. The faceted diamond nuclei ͓shown in Figs. 2͑a͒ and 2͑b͔͒ present a micro-Raman spectrum ͓see Fig. 5͑a͔͒ with a sharp peak at 1332 cm Ϫ1 , characteristic of C-C sp 3 bonds and a small sharp peak at 521 cm Ϫ1 , characteristic of Si-Si sp 3 bonds present in the Si substrate. There is no clear evidence of Raman peaks around 1500 cm Ϫ1 , which would be characteristic of graphite like C-C sp 2 bonds. This suggests that the diamond nuclei are composed principally of sp 3 carbon. We observed no differences in the micro-Raman spectra of the faceted nuclei formed on the oil-coated and on the oil-uncoated substrate. However, when we compare the micro-Raman spectra in the area between the large grains we find clear differences. Figure 5͑b͒ shows a micro-Raman spectrum of the film deposited on the oil-coated area, corresponding to the morphology shown in Fig. 4͑b͒ . There is a broadband around 1580 cm Ϫ1 ͑related to sp 2 bonds or amorphous defects͒ and a small peak, corresponding to diamond, centered at 1336.1 cm 1 . Compared to the standard characteristic diamond frequency at 1332.2 cm 1 , a small 3.9 cm Ϫ1 blueshift was observed. This blueshift corresponds to a tensile stress presented by the film. Thus, the internuclei film deposited on the oil-coated area is composed of diamond of low structural quality. Figure 5͑c͒ shows a typical micro-Raman spectrum of the film deposited on the oil-uncoated area, corresponding to the morphology shown in Fig. 4͑a͒ . Bands are observed at 1351 cm Ϫ1 ͑D band͒ and 1598 cm Ϫ1 ͑G band͒ and the intensities of these two bands are practically the same. Such spectra have also been observed in experiments with completely oil-uncoated substrates and are consistent with the Raman spectra of glassy carbon ͑1343 and 1591 cm Ϫ1 ) and diamond-like carbon ͑DLC͒ ͑1345-1355 and 1574-1590 cm Ϫ1 ) films.
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Comparing the Raman spectra presented in Figs. 5͑b͒ and 5͑c͒ with the morphological differences revealed by the AFM images ͓Figs. 4͑a͒ and 4͑b͔͒ we can summarize that the films deposited between the large diamond nuclei have a bonding structure that depends directly on the oil coating and that the oil coating helps to produce an internuclei film of greater diamond content.
IV. CONCLUSIONS
We verified experimentally that it is possible to use oil films to increase diamond nucleation on silicon substrates without scratching the substrate or other pretreatments. Optical microscopy revealed that the nucleation enhancement is highest at the boundary between the oil-coated and the uncoated areas. The nucleation density is about 10 7 nuclei cm Ϫ2 , which is comparable to that obtained using scratching. Ripple waves have been detected by ''fringes'' on the substrate, which suggests that the forces due to the reactant gas flow disperse the nanoscale diamond nuclei deposited over the substrate surface. Such traveling nuclei may find a position of minimum energy at the solid-liquid-gas interface. Since the oil poorly wets the Si substrate, the wetting angle is always obtuse, producing an acute angle between the liquid surface and the solid, which is a favorable site for dia- FIG. 5 . Typical micro-Raman spectra of ͑a͒ the large isolated diamond nuclei, ͑b͒ the intergrain film deposited on the oil-coated area, and ͑c͒ the intergrain film deposited on the oil-uncoated area. mond nucleation. The diamond nuclei are well faceted and of high Raman quality in both the oil-coated and uncoated regions. However, the film structure between the grains, revealed by AFM and Raman measurements, contains different chemical bonds. In the oil-uncoated region, the intergrain film corresponds to a DLC or glassy carbon structure, and in the oil-coated area it corresponds to a tensioned diamond film of low structural quality. We conclude that the use of a solid-liquid-gas interface is effective in trapping diamond nuclei on the surface. The main advantage of this process is to obtain diamond coatings without the need to destroy the smoothness of the substrate. This process is potentially very important for producing diamond coatings for optical devices such as lenses and mirrors.
